Objective-To develop a new geometrical index that combines height, waist circumference (WC), and hip circumference (HC) and relate this index to total and visceral body fat.
INTRODUCTION
Due to its simplicity and established relationship with mortality (1, 2) and obesity related comorbidities (3, 4) , the body mass index (BMI) has been a long-standing accepted proxy for adiposity. The underlying theory behind BMI relies on encapsulating adiposity (5) in a height independent manner with one numerical value.
Despite the ease of application, BMI has often been criticized for misclassifying individuals at risk for obesity related comorbidities. One reason why BMI can misclassify individuals is that it fails to distinguish between individual amounts of fat-free mass (FFM) and (FM). For example, two individuals could have the same height, weight, and BMI even though one individual is more muscular than the other. Since FFM is denser than FM, the individual with higher amounts of FM in this example has a larger body volume and thus a larger waist size. Also, greater adiposity is associated with more central than peripheral fat distribution. Therefore, one way to improve on BMI is to develop an index that quantifies body girth in relation to height.
Another critique of BMI is that it does not provide information about body fat distribution. A relatively large quantity of abdominal body fat was first identified as a predictor of obesity related comorbidities by Vague (6) in 1956. With the application of imaging technologies including computed tomography and magnetic resonance imaging (MRI) for the quantification of tissues in-vivo, it is now well-established that a higher deposition of visceral adipose tissue (VAT) within the abdominal cavity is related to higher risks of obesity related comorbidities (7) (8) (9) (10) . Hence, several new indices have been developed that use some aspect of waist size or body shape (11, 12) in an attempt to improve on one or both of these limitations of BMI. Measures such as waist circumference (WC) and hip circumference (HC) and their related ratios have been identified as potentially better measures of body shape and adiposity-related risks (13, 14) , but the drawback of using WC or HC is that neither corrects for the fact that taller individuals have larger waist or hip circumferences. Advancing this idea, body indices have recently been developed that combine several of the traditional body measurements such as height, WC, HC, and/or weight by fitting a conjectured formula to anthropometric data (12, 15) . The comparison of these indices to BMI as predictors of VAT and overall health risk is ongoing within the nutrition research community (16, 17) .
This study brings together two major concepts in obesity phenotypes and risk assessment that have not been adequately addressed by BMI: predicting both total % body fat and % VAT using anthropometric body measurements. To do so, we modeled the human body shape as an ellipse or an oval, which captures body girth in relation to height (body roundness). First introduced in 1609 by the German astronomer Johannes Kepler to quantify the circularity of planetary orbits, the degree of roundness of an ellipse is characterized by a non-dimensional value referred to as eccentricity (18) . We apply eccentricity to develop a simple numerical quantifier of body roundness; the body roundness index (BRI). We also applied eccentricity to predict % total body fat and % VAT. While the notion of body roundness improves quantification of body shape and provides a more accurate estimate of total % body fat and % VAT, the calculation of BRI sacrifices simplicity in comparison to BMI. To preserve simplicity and enhance clinical utility, we programmed the calculations presented here as a simple user interface based calculator on the following web site: http:// www.pbrc.edu/bodyroundness.
METHODS AND PROCEDURES Elliptical Models
An ellipse is defined by two lengths referred to as the major axis and the minor axis. The major and minor axes can be thought of as the height and width of the ellipse, respectively. A person's height determines the major axis. We assume that the minor axis can be represented as the girth around the waist or hip region, and so we calculate the diameter from WC and HC using the formula ½WC/π or ½HC/π, respectively. A simplification here is that the cross-section at the waist or the hip is taken to be circular. To use both WC and HC measurements, two separate models were developed; a waist-based ellipse and a hipbased ellipse (Figure 1) . A more self-contained descriptive formula based explanation is provided in the Supplementary Information.
Body Roundness Index
Eccentricity quantifies the degree of circularity of an ellipse, and its values range between 0 to 1, with 0 characterizing a perfect circle, and 1, a vertical line. Because of the challenge in distinguishing differences between values that are so small in magnitude, we mapped eccentricity to a range of 1 to 20 through the transformation:
This formula was derived solely to scale eccentricity values to a more accessible range of values. We note that the body roundness index (BRI) was never achieved a negative value across the NHANES database (lowest observed BRI was 1). Larger values of BRI are associated with rounder individuals and values closer to 1 are related to more narrowly shaped lean individuals. The maximum observed BRI value was 16.
Subjects
Three separate databases were used to develop prediction formulas. The third National Health and Nutrition Examination Survey (NHANES III) contained anthropometric measures including age, height, race, weight, sex, WC, and % body fat measured by dual energy X-ray absorptiometry (DXA). This database was used to develop models that predict total % body fat.
The second database consisted of data pooled from several studies conducted at St. Luke's/ Roosevelt Hospital New York Nutrition Obesity Research Center (NORC). The database is comprised of MRI measured VAT, age, height, race, sex, WC, and HC. This database was used to derive prediction models of %VAT (VAT mass/total body mass) that included both waist and hip-based body roundness as independent variables. For comparison to traditional metrics, the database was also used to derive formulas that tested the effectiveness of BMI, WC, and HC as predictor variables.
The third database consisted of MRI measured VAT in subjects pooled from several studies conducted at the Christian Albrecht's University in Kiel, Germany. This database was used to determine the consistency of % VAT prediction models across studies and to validate the derived regression models used within the web based calculator.
NHANES-
The NHANES III database included 3281 males and 3158 non-pregnant nonlactating females over the age of 18 years. Race groups were defined in NHANES III as non-Hispanic whites, non-Hispanic African Americans, Mexican Americans, and "other" (Aleut, Eskimo, American Indian, Asian, or Pacific Islander). Waist circumference was measured using the NHANES designated method as WC above the iliac crest (19) . The database also included age, height, sex, and body composition measured by DXA. The NHANES III study did not report HC (20) . The NHANES III study protocol had institutional review board approval and included written informed consent.
Kiel-The MRI methods have been previously described (19) . Total adipose tissue and VAT volume were assessed by Magnetom Avanto 1.5-T scanner (Siemens Medical Systems) over the course of several different studies performed at Christian Albrecht's University in Kiel, Germany since 2000. Briefly, the entire abdomen from the diaphragm (top of the liver or the base of the lungs, T10) to the femur heads was scanned using continuous axial images with an 8-mm slice thickness and 2-mm interslice gaps. Images were obtained using a T1 weighted gradient-echo sequence (TR 157 ms, TE 4 ms, flip angle 70°, voxel size 3.9 × 2 × 8 mm 3 ), during which participants were required to hold their breath. All images were segmented manually using Slice-O-Matic, Tomovision 4.3 Software. In addition to MRI assessed VAT measurements, the Kiel database contained subject age, height, sex, WC, HC, and weight. Waist circumference was determined using the World Health Organization (WHO) designated method between the lower rib and above the iliac crest (19) . The Institutional Review Board at Christian-Albrecht's University approved the original studies, and subjects signed an informed consent form.
St. Luke's-Roosevelt Hospital
The total volume of adipose tissue and VAT were measured using a 1.5 T MRI system and collected from a series of studies conducted at the New York Obesity Nutrition Research Center at St. Luke's/Roosevelt Hospital as previously reported (21) . All subjects were scanned with a T1-weighted, spin-echo sequence, with a 300 ms repetition time and an 11 ms echo time. A field of view 48 cm and a 256 × 256 matrix was used. The protocol involved acquisition of ~40 axial images of 10 mm thickness and at 40 mm intervals from fingers to toes with the subject in a supine position. The L4-L5 intervertebral disc was used as the point of origin. Following acquisition, subcutaneous adipose tissue and VAT were segmented by trained, quality-controlled technicians using image analysis software (SliceOmatic; Tomovision, Montreal, Quebec, Canada) at the Image Reading Center of the New York Nutrition Obesity Research Center. Subjects included healthy men and women over the age of 18 including White, Hispanic, Asian, and African American participants ( Table 1 ). The database contained demographic information on race, height, sex, and weight along with % body fat measured by DXA. In addition, WC was measured on a horizontal plane around the abdomen at the top of the iliac crest (22) and HC was measured on all subjects around the widest portion of the buttocks (23) . The pooled database includes athletes, normal active, overweight, and obese subjects. The original studies were reviewed and approved by the Institutional Review Board of St. Luke's-Roosevelt Hospital.
Calculations and Statistical Methods
VAT volumes were converted to VAT mass by multiplying by the density constant 1.09 kg/L (24).
Calculation of healthy ranges of body roundness-Healthy body roundness ranges were determined by regressing a formula through the NHANES database to predict roundness as a function of age, sex, height, and % body fat. We substituted the lower bound and upper bound for published healthy body fat ranges (25) into the formula for the %body fat variable to determine an upper and lower bound for a range of healthy roundness. The %body fat ranges were based on a range of age and height and were gender specific. Thus the generated healthy roundness ranges are also dependent on age and height. We point out that the %body fat ranges were originally determined using BMI cutoffs. The healthy ranges of roundness were included as a shaded zone in the web-based calculator as a reference for individual user roundness output.
Calculation of ellipses normalized by height-In order to visually compare individual roundness to a healthy roundness range, we normalized each individual's ellipse by constructing an ellipse of equal eccentricity but with the same length for the major axis. This is equivalent to considering an individual's body girth after adjusting for height, allowing comparison of body roundness at the population level while correcting for differences in height.
Comparison of total percent body fat and total visceral adipose tissue volume predictors-A series of regression models that relate a single covariate to % body fat or % VAT were developed to determine how much variance is explained by each of the variables; waist eccentricity, hip eccentricity, combined waist and hip eccentricity, WC, HC, combined waist and hip circumferences, and BMI. The analysis tested for significance of each covariate and their powers (for example BMI, BMI 2 , BMI 3 , …) to capture potential nonlinear relationships.
The NHANES III database was utilized to determine the relationships between waist eccentricity, waist circumference, and BMI measurements with % body fat. Because the NHANES database did not contain hip related measurements, other models were developed using the St. Luke's and Kiel database. Due to potential differences in MRI assessments of VAT collected at different sites, along with the difficulty in comparing waist-related predictions using the NHANES versus WHO designated WC measurements (19), the St. Luke's and Kiel databases were not pooled in this analysis.
Prediction models of total percent fat and total percent VAT-There were two objectives for developing prediction models: comparing the models without any covariates; and comparing the models with inclusion of covariates. This analysis is similar to the comparison of body adiposity index (BAI) with BMI and WC (17) . Finally all significant covariates (age, height, sex, weight, and race) along with interaction terms and nonlinearities were included with both waist eccentricity and hip eccentricity for application in the webbased calculator.
We applied waist and hip eccentricity as opposed to BRI in these formulas since the purpose of the BRI is to generate a visibly simple numerical value that has a wider range than eccentricity values. To develop the statistical models, we revert back to the original directly computed eccentricity.
The % body fat and % VAT prediction models that rely on waist eccentricity and hip eccentricity were derived from the NHANES and St. Luke's datasets and validated against the Kiel dataset.
RESULTS

Comparison Models
Regression models were developed to test for accuracy of predictive models comparing combined waist eccentricity, hip eccentricity, WC, HC, BMI, and body weight to predict % body fat and % VAT. Most of the developed models contained significant nonlinear terms of quadratic or cubic powers. The resulting adjusted R 2 values are listed in Table 2 . With no additional covariates, the combination of waist eccentricity and hip eccentricity outperformed predictions of % body fat for men and women that relied solely on BMI, WC combined with HC, WC, and HC. We note that this improvement over WC and HC is only slightly better. However, taken together, the best single predictor of both % body fat and % VAT is the combined waist and hip eccentricity. With the inclusion of covariates as age and height, eccentricity based models of % VAT were comparable to the existing best predictors. These predictors varied by sex but most often the best traditional predictor of % VAT was WC.
Prediction Models
Prediction formulas were developed to generate personalized output in the web-based calculator. Three specific models were developed. The first applied the NHANES III database and waist eccentricity to predict % body fat while considering all covariates; age, height, sex, race, and weight. Significant interaction terms and powers of the covariates were also included. The second model applied the St. Luke's database to predict total %VAT from combined waist and hip eccentricity. Similar to the first model, this model included all covariates, their significant interaction terms, and significant powers. The third model applied the St. Luke's database to develop a model that did not rely on hip eccentricity to provide predictions of %VAT for users who did not have HC.
The adjusted R 2 for the NHANES derived % body fat model was 0.88. The races, MexicanAmerican, White, and African American had significant coefficients, and the overall model contained up to cubic nonlinearities.
The adjusted R 2 for the St. Luke's derived %VAT model that included both hip and waist eccentricity was 0.71. Both African American and Asian races were determined significant with African Americans having less and Asians having more % VAT in comparison than Whites of equal BMI. These results are consistent with previous observations (27) (28) (29) . The final model which predicted % VAT from solely waist eccentricity resulted in an R 2 of 0.69. Similar race effects were found as in the model which included both waist and hip eccentricity.
Similar to the observations of Flegal et al (26) , we observed consistently lower correlations between circumference related measurements and % body fat and %VAT in women across studies. A closer examination of the relationship between % VAT and VAT mass in women revealed higher variation in the larger amounts of VAT ( Figure 5 in Supplemental Information). This variation was also reflected in the Bland Altman analysis of the % VAT model validation (Supplementary Information) which identified increasing bias with higher levels of % VAT.
The values for model coefficients for the three models and a validation across studies are included in the Supplementary Information.
Relationship of BRI to BMI
To test the relationship of BRI vs. BMI, BRI values were calculated in each range of BMI classification from the NHANES database. Mean roundness values increased with increasing BMI (Table 3 ). The average BRI decreased with BMI classification, as expected. However, while the endpoints of the ranges also decreased with BMI classifications, there was overlap in BRI value ranges, indicating that BRI classification differs from BMI. An example of how BRI differentiates between various body types of the same BMI is depicted in Figure 2 .
Web-based Calculator
The web-based calculator predicts % body fat, % VAT, and total VAT mass from age, height, sex, WC, HC, and race ( Figure 3) . The option to supply WC measurements in the absence of HC was programmed to allow for analysis in the absence of HC measurements. The web-based calculator provides an output for BRI and a graph of the individual user generated ellipse in relation to a healthy roundness zone (green).
DISCUSSION
Existing adiposity related indices attempt to identify external human body shape with body fat and body fat distribution through one numerical value. Here we derive the first purely geometrical model of body shape using the theory of ellipses. The derived elliptical model induces a 400-year old index which determines body roundness. We show here that our geometrically derived measure of body roundness consistently provides predictions of both % body fat and total % VAT comparable in accuracy to the best existing predictors of WC, HC, and BMI.
Our approach advances several attempts to combine circumference measurements with height to identify body shape by fitting a pre-designated formula to data (11, 12) . These existing approaches require conjecture of formula type and a restriction to a few variables that may be important. Additionally, development of these indices requires determination of the height power values, which is an important continually investigated question. Our approach utilizes a well-established non-dimensional index that is solely derived from geometry. This geometrical derivation not only serves as a proxy for % body fat and % VAT, but also provides a method to visually compare individual body types and identify the body type location relative to a reference range of healthy body roundness (Figure 3 ).
There are several limitations of the current study. The first important limitation involves the size and inclusion of covariate measurements in existing databases. The higher adjusted R 2 for combined HE and WE for prediction of total % FM in females in the St. Luke's and Kiel database suggests that HC is a critical covariate for FM especially in females. Our results indicate the importance for HC to be included in future NHANES measurements. While the diversity of the St. Luke's database with inclusion of different races and range of BMI allow one to examine the effect of different covariates on %VAT predictions, the small size of the database yield poorer predictions than the more homogeneous Kiel database. The combined St. Luke's and Kiel studies currently represent one of the largest MRI measured total VAT mass databases. With increased use of MRI in obesity related body composition research, we expect to improve not only our understanding of the relationships between geometric properties of body shape and VAT but also the predictions of individual VAT from essential covariates.
As noted in the results, there is a wider range of variance for higher degrees of VAT (See Figure S5 in the Supplementary Information). Because this observation was consistent across study sites, technical reasons are unlikely to explain these phenomena. One possible reason for this difference may be due to higher variability in measurements of WC and HC in standing individuals with higher amounts of body fat. The observed differences may additionally reflect the variability in fat distribution in individuals with high VAT. For example, some subjects with high VAT have large amounts of subcutaneous adipose tissue while others have not. Since we do not have a good understanding of what factors predict fat distribution, further investigation is required (30) . However, our analysis here suggests that we may have reached the limits of maximal accuracy of predictions of VAT and % body fat that rely solely on the circumference measurements (waist and hip), age, height, sex, race, and weight. Further individual measurements collected at additional circumference sites or leg height may be required to improve upon these predictions.
Finally, BMI is the most accessible adiposity index due to its simplicity and requirement for two easily obtained measurements, body weight and height. Other models that rely on geometry (31) or statistically generated nonlinear models (32) improve upon predictive accuracy but are not as simple to apply in clinical settings in comparison to BMI. While BRI improves upon predictions of VAT over BMI, predictions of total %FM yielded a higher adjusted R 2 than the predictions of total %VAT which has been observed as more dangerous to individual health. Thus, it remains to be shown how the newly developed index, BRI, relates to mortality and other markers of health (such as cardiovascular and development of type 2 diabetes) and whether any improvement over BMI outweighs the complexity of the model.
With the advancement of technology and web-based programs, however, more complex models that improve accuracy and relay more on body and health related information can be developed and accessed through a web-based calculator as designed in this study.
In conclusion, current practice utilizes BMI to inform and develop target recommendations to improve patient health. The proposed model and developed tool advances these existing models by including circumference measurements through well-established geometrical methodology and delivering these measurements in a easily usable software platform that can better inform and guide treatment to improve obesity related health.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Schematic diagram of the body outlining how body circumference can be equated to an ellipse. Panel A depicts an ellipse generated from height (H) in cm and WC (cm). Waist circumference represents the distance around an ellipse at waist level. The diameter of this ellipse (d w ) is equal to waist circumference divided by 3.14. Similarly, Panel B depicts an ellipse arising from HC (cm). BMI as a measure of adiposity fails to distinguish individuals with similar BMI but different degrees of body fat. The three depicted individuals vary in body type but share identical BMI. A: subject is tall and lean, B: subject is muscular, C: subject has highest percent body fat. Although their BMIs are identical, their corresponding BRI values differentiate their body types. After normalizing for height, the three generated ellipses can be visually compared for differences in body roundness, which can be converted into estimates of percent body fat. Images used with permission from http://www.shutterstock.com. Screen shot of Body Roundness Calculator. After the user enters personal information for age, height, weight, sex, race, waist and hip circumferences, the program outputs total percent body fat, amount and percent of VAT, the body roundness index, and whether the individual is within the determined healthy range of body roundness. A graph depicting the resulting individual ellipse (African American curve) and healthy range (green shaded area) provide the user a visual representation of their body roundness relative to the healthy range. Table 2 Adjusted R 2 for various models comparing combined waist eccentricity, hip eccentricity, WC, HC, BMI, and body weight to predict % body fat mass and 
